The protolytic equilibria of 13 4-aryl-2,4-dioxobutanoic acids (ADKs) were spectrophotometrically studied in aqueous solutions in the pH range 1-9 at 25±1 °C and an ionic strength of 0.1 mol l -1 (NaCl), with the exception of the 4-OH-derivative which was also potentiometrically studied in the pH range 7-10 at 25±1 °C and an ionic strength of 0.1 mol l -1 (NaCl). In solution, the compounds simultaneously exist in one diketo and two enolic forms; therefore, the determined acidity constants (pK a1 1.87-2.29, pK a2 6.63-8.13 and pK a3 (4-OH-) 9.52) represent system macro constants. The 1 H-NMR spectrum of the parent compound (4-phenyl--2,4-dioxobutanoic acid) (25 °C, pD 5.0) proved the existence of all tautomeric forms. Using the extended Hammett relation, the determined pK a values were correlated with literature σ values. The predicted pK a values were in fair accordance with the experimentally observed ones. Molecular, monoanionic and dianionic forms of the parent compound were optimized by the semi-empirical molecular orbital PM6 method using the implicit water solvation model (COSMO). The obtained geometries were used to explain the quality of the LFER models.
INTRODUCTION
4-Aryl-2,4-dioxobutanoic acid (Ar-C(O)-CH 2 -C(O)-COOH) (ADK) derivatives exert widespread biological activities. 1 The targeting of HIV-1 integrase (IN), the enzyme responsible for the integration of viral DNA in the host genome, is among the most important ones. 2−4 Appropriate structural modifications on the phenyl ring were used to assess the different types of biological activity (manuscript in preparation). Part of current studies on the physicochemical profiling of these compounds is presented in this manuscript, which describes the protolytic equilibria of 13 alkyl-, alkoxy-, hydroxy-, nitro-and halo-phenyl substituted derivatives (limited set) in aqueous solutions in the pH range 1-10 ( Table I) . The reported compounds (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) are inactive or exert low activity and are intended to be used to develop a model for a larger set incorporating active congeners. Acidity constants of the studied compounds in aqueous solutions have hitherto not been reported. The only reported pK a values (pK a1 3.68-4.14 and pK a2 9.52-11.13, substances 1-3, 7-10 and 13 (Table I) ) were potentiometrically determined in an ethanol-water (3:1, v/v) mixture. 5 As reported by others, 6−8 these compounds simultaneously exist in two enolic forms (conformationally locked by the pseudo-ring) and one diketo form, having two rotatable bonds responsible for the conformational flexibility (Scheme 1). Aim of this work was to study the protolytic equilibria of a set of 13 ADKs. The determined acidity constants within the studied set are useful to develop a model in which more active and significantly less soluble congeners will be incorporated.
EXPERIMENTAL

Apparatus and reagents
All used chemicals were of analytical reagent grade, purchased from Aldrich, Fluka, or Merck, and were used without further purification. The deuterated compounds had, at least, 99.5 % deuterium.
Melting points were determined in open capillary tubes on a Büchi apparatus and are uncorrected. The infrared spectra (IR) were recorded on an FT Perkin-Elmer 1725X spectrometer, (KBr disc). The 1 H-and 13 C-NMR spectra were recorded in DMSO-d 6 on a Varian Gemini 200 spectrometer at 200/50 MHz. Tetramethylsilane (TMS) was used as the internal standard for the 1 H-NMR spectra. The residual solventsignal of DMSO-d 6 was used as the internal standard at 39.70 ppm for 13 C-NMR calibration. The mass spectra (ESI-MS) were recorded on a ThermoQuest Navigator.
The 1 H-and 13 C-NMR spectra of compound 1 were recorded in deuterated acetate buffer (c tot = = 0.1 mol l -1 , pD 5.0 (pD = pH measured + 0.4) 9,10 ) on Bruker Avance spectrometer at 500/125 MHz. The 1 H-NMR spectrum was referenced to the HOD peak at 4.70 ppm as the internal standard; the TSP (3-(trimethylsilyl)-1-propanesulfonic acid-d 6 sodium salt) was not added to avoid interactions between the salt and the sample. The pH measurements in deuterated solutions were performed using a Corning pH-meter 120 with a Corning Ag/AgCl microelectrode (KCl solution). For determination of acidity constants, a GBC Cintra 6 spectrophotometer with 1 cm silica cells and a PHM240 pH-meter (Radiometer) with a combined GK2401B electrode (Radiometer) were used. The titrations were performed with a TTT-60 titrator with an ABU-12 autoburette (Radiometer).
Synthesis of compounds 1-13
Examined compounds (1-13) were synthesized using a previously described procedure. 11 Compounds were obtained by addition of equimolar amounts of aryl ketones and diethyl oxalate (0.05 mol*) to a twofold molar quantity of sodium methoxide (Scheme 2), obtained by dissolution of sodium in dry methanol (2.3 g (0.1 mol) Na in 40 ml), mixed overnight and poured into ice-cold water. Scheme 2. Synthesis of the examined compounds, R-= 1) H-; 2) 4-Me-; 3) 4-Et-; 4) 4-i-Pr-; 5) 4-tert-Bu-; 6) 3,4-di-Me-; 7) 4-F-; 8) 4-Cl-; 9) 4-Br-; 10) 4-NO 2 -; 11) 3-OH-; 12) 4-OH-; 13) 4-MeO-.
After 3-4 hours of vigorous stirring at room temperature, the reaction mixture was filtered into water that had been acidified with conc. hydrochloric acid to pH 2-3. The obtained precipitate was collected by filtration and washed with ice-cold water. The filtrates were concentrated under reduced pressure to remove MeOH. Additional amounts of the compounds were harvested from the in this way obtained solutions. The crude products were crystallized from an appropriate solvent. Characterization of synthesized compounds 1-13 was performed by melting points, IR, 1 H-and 13 C-NMR spectroscopy, and ESI-MS (Electrospray Ionization Mass Spectrometry).
Characterization of compounds 1-13
The NMR integrals belonging to the diketo tautomers are not reported for the 1 H-NMR spectra. In the "aromatic" region, the overlaps of low intensity peaks of the diketo form with significantly stronger ones from the enol form were observed. The overlap of the enol aromatic peaks (mainly) was also observed. Thus, for some signals, full multiplicities are not reported and, as a conse-* Compounds 5 and 7 were prepared starting with 0.025 mol of substituted acetophenones and equivalents of other reagents. (4) 
4-(4-i-Propylphenyl)-2,4-dioxobutanoic acid
Determination of acidity constants
The acidity constants were spectrophotometrically determined (except for pK a2 and pK a3 of compound 12, which were potentiometrically determined) at t = 25±1 °C and constant ionic strength 0.1 mol l -1 (NaCl). Stock solutions of compounds 1-13 were prepared in ethanol (c = 1.0×10 -2 mol l -1 , except for 5 where c = 0.5×10 -2 mol l -1 due to its lower solubility). Working solutions (c = 1.0×10 -4 mol l -1 for all but 5, c 5 = 0.5×10 -4 mol l -1 ) were prepared in deionized water (the ethanol concentration was up to 1 %, vol) in the pH ranges 1.1-3.5 for pK a1 and 5.9-9.1 for pK a2 determination. HCl solutions were used for pH 1.1-3.5, phosphate buffers for pH 5.9-8.0 (c tot = 0.01 mol l -1 ), carbonate buffers for pH 8.1-9.1 (c tot = 0.01 mol l -1 ). The UV-Vis spectra of compounds 1-13 in their monoanionic form (HA -) were recorded in acetate buffer (c tot = 0.01 mol l -1 , pH 5.5*). The * For 4-NO 2 -derivative (10) the acetate buffer pH 4.5 was used.
measured pH values were converted to pc H according to the relation: 12 pc H = −log [H 3 O + ] = pH − A, where A is the correction factor (A = 0.08) determined by potentiometric titration of a standard HCl solution with a standard NaOH solution at 25±1 °C and ionic strength 0.1 mol l -1 (NaCl). For solutions with pH < 2, the pc H values were calculated according to the concentration of the standard HCl solution.
The spectra were recorded over the 220-500 nm range at a scanning speed of 500 nm min -1 against the corresponding blank. For pK a determination, the absorbances were measured at the wavelength of the absorption maximum or at the wavelength of the maximal differences in absorbances. Three sets of experiments were performed.
For the potentiometric determination of pK a2 and pK a3 of the compound 12, 20.00 ml aliquots of the stock solution of 12 (c 12 = 9.9198×10 -4 mol l -1 ) in 0.1 mol l -1 NaCl were titrated with 0.020 ml increments of the standard NaOH solution (c = 0.1298 mol l -1 ) until the pH 10 was attained. The values of pK a2 and pK a3 were found according to the formation function n (the mean number of protons bound to the base (12) 
LFER calculations
Linear regressions were obtained using the BILIN program. 14 The coefficients following the terms in Eqs. (5-10) are twofold standard deviations. The statistical parameters are reported as follows: n -number of observations; r -correlation coefficient; F -Fischer test, Q 2 -leave one out cross-validation; s PRESS -standard deviation of Q.
Geometry optimization
The reported conformations of the molecular, monoanionic and dianionic forms of 1 (Figs. 5a-5c , respectively) were obtained by the semi-empirical MO PM6 method 15a with implicit water solvation (COSMO) (Keywords: EF, PM6, GNORM = 0.01, PRECISE, EPS = 78.4, RSOLV = 1.000, DISEX = 3.000, NSPA = 92) using the MOPAC 2007 package. 15b The VegaZZ 2.1.0 was used as the graphical user interface (GUI). 16 
RESULTS AND DISCUSSION
The examined set (compounds 1-13), comprised mainly of 4-substituted derivatives (1-5, 7-10, 12, 13 ) and alkyl-, halo-, hydroxy-, alkoxy-and nitro-phenyl substituents, can be considered as sufficient for the derivation of a linear free energy relationship. Compounds 6 (3,4-di-Me-) and 11 (3-OH-) were included because the majority of the so far reported biologically active ADK derivatives have alkyl-or oxygen-containing substituents in position 3 of the phenyl ring. In this way, the model could be tested for further expansion. Using the extended Hammett correlation, the determined pK a values were correlated with literature substitutent constants 17 (σ p and σ m ; σ R and σ I ; Table II) .
ADKs in aqueous solution, in the studied pH range, act as diprotic acids, with the exception of compound 12, which showed dissociation of carboxyl, α-hydroxyl, and 4-OH-phenyl groups. As mentioned before, ADKs in solution under-go keto-enol tautomerization. The NMR spectra (Fig. 1) , recorded in aqueous solution (pD 5.0), proved the existence of the diketo and both enolic forms, thus the acidity constants represent system macro constants. As the differences in the acidities of the carboxyl and α-hydroxyl groups are sufficiently high (Table I) , the pK a1 and pK a2 of the diprotic acids could be separately determined. The values of pK a2 and pK a3 of compound 12 are too close to be determined spectrophotometrically, thus they were potentiometrically determined. Briefly, as this will be reported separately, the 4-OH-phenyl group dissociates at a lower pH than the α-hydroxyl group. The formed phenolate ion is tautomerically equilibrated via a quiynoid structure and transfers the negative charge to the former aroyl oxygen. The negative charge on the "aroyl" oxygen, in turn, stabilizes the α-hydroxyl oxygen; this results in the higher pK a value of the α-hydroxyl. For the spectrophotometric determination of the acidity constants, two transformed forms of the classical spectrophotometric equation 18 were applied:
where A H 2 A , A HA -, A A 2-, and A represent the absorbances of the molecular (H 2 A), monoanionic (HA -) and dianionic (A 2− ) forms of the ADKs and their mixture at specified wavelengths, respectively. Eqs. 2 and 3 gave linear dependences when the spectrum of only one "pure" form (HA − ) was required for the determination of K a1 and K a2 . The absorption spectra used for the determination of the acidity constants of compound 1, as a representative, are shown in Fig. 2a  and 2c . The values of K a1 and K a2 were calculated by linear regression analysis from the slope of the corresponding lines (Fig. 2b and 2d ).
* As the singlet of -CH 2 -protons from the diketo form, present at 4.50 ppm, is signifycantly weaker, just the region with the signals from the two enolic forms is shown. As mentioned previously, K a2 and K a3 for the 4-OH-derivative (12) were determined potentiometrically according to the formation function. In the pH interval where the H 2 A − , HA 2− and A 3− forms are present, the formation function gave the following linear dependence: 13
K a2 (pK a2 7.73±0.01) and K a3 (pK a3 9.52±0.07) were determined from the slope and the intercept of the corresponding line from three times repeated experiments (Fig. 3) .
Considering the obtained pK a values (Table I) , the distribution of the species at some physiologically important pH values can be calculated. As the pK a1 of all the studied compounds lies within the interval 1.87-2.29, at pH 1.5, 30 to 70 % of the ADKs (depending on the specific pK a1 value) are present in the H 2 A form (H 3 A for compound 12) . The pK a2 values of compounds 1-11 and 13 lie within the 6.63-8.13 range, thus at pH 7.4, 15 to 85 % of these compounds (depending on the specific pK a2 value) is present in the HA − form, and at pH 9, most of ADKs 1-11 and 13 are completely deprotonated (A 2− form). The situation for compound 12 is slightly more complicated with H 2 A − and HA 2− being the dominant species in the pH range 6.7-8.6 and HA 2− and A 3− in the pH range 8.6-10.5. Representative distribution diagrams for compounds 1 and 12 are shown in Figs. 4a and 4b, respectively. 
LFER
The determined acidity constants (pK a1 and pK a2 ) were correlated with literature substituent constants in order to build a linear model of the Hammett type. Correlation of the determined pK a1 values with the σ p and σ m substituent constants has moderate statistics: Even the terms in Eqs. (7) and (8) are not standardized; the inductive term has a somewhat higher weight. In the pH range 1-5, the diketo form is present in a significantly lower amount compared to the enolic form I in the existing tautomeric mixture (Scheme 1) (this is clearly seen in the NMR spectra, exemplified by the 1 H-NMR spectrum of the parent compound (1) at pD = 5.0, Fig. 1 ). Therefore, resonance transmission of the substituent effects to the carboxylic group could be expected to be dominant. However, the optimized structures of the enolate molecular and monoanionic forms with the implicit water solvation model (COSMO) clearly show that the carboxyl group of the molecular form and the carboxylate anion of the monoanionic form of the compounds is torsionally distorted from the rest of the molecule, as exemplified on the parent compound (1) (Figs. 5a and 5b) . Accordingly, the higher weight of the inductive effect reproduces the real situation in water, which was used as the medium in the present study of protolytic equilibria.
Correlation of the determined pK a2 values with the σ p and σ m substituent constants has much better statistics than the corresponding equation describing pK a1 (Eq. (5) Additional exclusion of the 4-tert-Bu-derivative (5) gave the best of the in this article reported correlations (r = 0.993, F = 264.285, Q 2 = 0.977).
At this stage, obvious question arises: Why the Hammett correlations of pK a2 (Eqs. (9) and (10)) are statistically significantly better than corresponding ones correlating pK a1 ? The optimized structures 19 of the molecular, monoanionic and dianionic forms of the compounds (exemplified by the parent compound (1), Figs. 5a-5c) offer the probable explanation. The molecular form of enol I (Scheme 1) has an almost perfect coplanar > C(O)-CH=C(OH)-(keto-enol) moiety, stabilized by an intramolecular H-bond. In the parent compound, the > C=O⋅⋅⋅H-Odistance is 1.71 Å, with a H-bond energy of -0.2997 kcal mol -1 . The aryl group is twisted from the plain of the keto-enol moiety by 37.61°, while the carboxyl group is twisted by 101.70°. In the monoanionic form, a similar distortion of the carboxylic group exists (91.25° for the parent compound (1)), i.e., the carboxylic group is almost perpendicular to the plane of the keto-enol moiety. Transmission of the resonance effect is efficiently suppressed in this manner. Accordingly, the inferior statistics of Eqs. (5)- (8) in respect to Eqs. (9) and (10) could be reasonably explained. On the other hand, in the monoanionic form, the aryl group is twisted in respect to the keto-enol moiety by a minor amount (7.83° for the pa-
